involving a protein. 4 Nonetheless, it seemed desirable, in connection with an investigation of the relation between the solubility of proteins and the degree of their amphoteric dissociation, once again to study the neutralization of casein by base.
The hypotheses underlying this investigation, and the history of their development, have been explained in detail in a previous communication (17) . In substance they are that proteins are amphoteric electrolytes, that they dissociate as acids and as bases, and that the ions due to their dissociation combine respectively with bases and acids. Furthermore, that the compounds of proteins with acids and with bases are for the most part relatively soluble, especially in comparison with uncombined protein. When uncombined, a protein dissociates into anions and cations. If it dissociates into as many anions as cations it is said to be in an isoelectric condition, or at its isoelectric point (18) . Finally, that the solubility of proteins in the neighborhood of their isoelectric points depends in large part upon the degree of their dissociation, the more soluble proteins being the more dissociated (19) .
Casein, the uncombined protein, is only very slightly soluble. Indeed, Osborne concluded that "caseinogen is either completely insoluble in water or else possesses a solubility so low as not to be measured quantitatively by ordinary methods ''~ and Laqueur and Sackur believed that casein had "no measurable solubility in pure water at room temperature. ''6 Casein has, however, a very definite and constant solubility, as we have recently shown, of 0.11 gin. in 1 liter at 25°C. (17) . This solubility is, within wide limits, independent of the amount of casein precipitate with which the solution is in heterogeneous equilibrium. Moreover, the casein that dissolves at the isoelectric point must, in the absence of any compounds of casein, be either the casein molecule, or ions formed by dissociation of the casein molecule. The solubility data that have been published thus far furnish no information regarding the ratio of the molecule 4 Since Laqueur and Sackur, Robertson (4-6), Long (7) , Van Slyke and his associates (8) (9) (10) (11) (12) (13) , Yarnakami (14) , Clark (15) , and Loeb (16) have studied the base-binding capacity of casein.
5 Osborne (3), p. 398. 6 Laqueur and Sackur (2), p. 197.
to the dissociated ions of casein; that is, to the degree of dissociation of casein at its isoelectric point. If they did it would be possible, as will appear from a theoretical consideration of the equilibria involved, to calculate the strength with which casein dissociates as an acid and therefore the strength with which it combines with base. Although so very insoluble in the free state, casein becomes very soluble when combined with base. It therefore seemed possible, in the first place, to determine the amount of protein with which each tool of base combined, that is the composition of the compound or compounds that casein forms with sodium hydroxide; and in the second place, to determine the strength of casein as all acid by measuring the rate of change of the hydrogen ion concentration as the casein was neutralized by base. It was believed that the simultaneous measurement of these two quantities would completely characterize such diphasic systems, and yield both the degree of dissociation of the acid groups in casein and their equivalent: combining capacity for base.
II.
The Preparation of Casein.
The measurements of solubility have been made with great accuracy upon very pure casein. The method of preparing casein that we have employed has already been described (17) . It is a modification of the method of Van Slyke and Baker (20) .
After the casein had been precipitated at its isoelectric point and washed with distilled Water according to the method of Van Slyke and Baker, only enough sodium hydroxide was added to bring the casein to a neutral reaction. In this our method differed from that of Hammarsten in which enough sodium hydroxide is added to dissolve the casein completely. Loeb has observed that if a divalent rather than a monovalent base is used to dissolve isoelectric casein, twice the normal concentration is required. As a result the hydroxyl ion concentration of casein dissolved by calcium hydroxide is very much greater than that dissolved by sodium hydroxide. Loeb's observation suggests, therefore, that the casein that persists (undissolved) at a neutral reaction is largely combined with divalent bases. We have accordingly removed and discarded this precipitate, in the later preparations by centrifugation (in a Sharples centrifuge at about 30,000 revolutions a minute), and then by filtration through filter paper pulp. The casein in the filtrate of the centrifugate was then reprecipitated at its isoelectric point by the addition of hydrochloric acid, washed, and again dissolved by sodium hydroxide.
It has been our experience that the casein completely dissolved the second time at a neutral reaction. The casein in this clear neutral solution was finally precipitated at the isoelectric point and purified.
The acid used was usually hydrochloric, and was delivered very slowly from a capillary tip extending well into the solution. The solution was continuously and rapidly mixed by a motor-driven glass screw-shaped stirrer, which constantly forced fresh portions of the protein past the glass tip from which the acid was being delivered, in a manner similar to that described by Van Slyke and Baker. In this way the protein was never exposed to the denaturing effect of a local excess of acid. After precipitation had begun, the process of neutralization was further retarded in order to allow new states of equilibrium to be fully attained. As the end was approached, small samples were removed and the hydrogen ion concentration was electrometrically determined.
Stirring was always continued for many hours after the isoelectric point was reached, in part to break up the flocks or aggregates that form under these conditions and to prevent the occlusion of impurities in them, in part to hasten the attainment of equilibrium in so sluggish a system. The protein was finally returned to the cold room, from which it was never removed for more than a few hours, and the precipitate was allowed to settle. The water-clear supernatant liquid was then decanted, distilled water was added approximately to the same volume, and the precipitate was again stirred for several hours. This operation was usually repeated from six to fifteen times, and was only stopped when the wash water no longer contained chloride, and when, as in Preparation V, the amount of protein dissolving in the wash water had become constant.
When the isoelectric protein had finally ceased to give off impurities and readily soluble protein, it was suspended in the desired volume, and aliquot parts used for analyses. It has been found impracticable to dry proteins, since it is almost impossible uniformly to wet their surface after they have been dried by alcohol and ether. As a result, there can be no guarantee that a true equilibrium is subsequently reached between all of the protein and its solvent. Moreover, it has been thought preferable, for the purposes of this investigation, to retain any lipoid that might be in fixed combination with our proteins, rather than risk the danger of denaturing them by alcohol or ether.
Three considerations indicate the purity of the casein preparations that were employed in this investigation. In the first place, their ash content was invariably low, but was very much lower in the later than in the earlier preparations. The method of Sharples centrifugation was resorted to only in the last three preparations, and has proven a most effective means of reducing the content of ash, and probably of calcium, as the following table shows. The ash contents of our preparations and of those of Van Slyke and Baker (20) were almost identical.
In the second place, Preparations III and V were also used in determining the solubility of uncombined casein. These experiments have already been reported. The results that they yielded could not have been obtained had another protein been present (unless it had the same isoelectric point and the same solubility as casein), or had a compound of casein been present. In the third place, the results obtained when the different preparations of casein were dissolved by the same amount of base, in the experiments that are now reported, are so closely concordant as to suggest the identity of the protein in the different prot~arations.
III.
The Measurement of Solubility.
The methods of measuring the solubility of proteins or of protein compounds that we have employed have Mso previously been described in great detail (17) . They are only summarized here.
Since our casein preparations existed as flocculent precipitates at their isoelectric points, it was necessary to construct a shaking machine by means of which the protein precipitate could be maintained in a state of fine subdivision during pipetring. With the aid of such an apparatus we have been able to sample protein suspensions with an accuracy of 0.3 per cent.
After the protein had been delivered into the volumetric flasks, the solvent was slowly added, drop by drop, from a burette until it rose to the graduated mark on the neck of the bottle. A drop of toluene was added to prevent bacterial action. The flasks were finally stoppered, fixed in place in the carriage of a specially designed shaking machine, and shaken in a water thermostat at 25.0 ° 4-0.1°C.
In our experience the heavy flocculent protein has usually been brought into equilibrium with its solvent in from 24 to 72 hours. The shaking machine was then stopped, the contents of the flasks were allowed to settle slightly, and the saturated solutions were filtered on No. 42 Whatman filter papers. By means of a water jacket through which the water of the thermostat was kept in constant circulation by a rotary pump, the filtration was carried on at nearly the same temperature as the bath. At least 8 cc. of the protein solution were always used to wash the filter paper, and were accordingly discarded. Aliquot parts of the remainder of the filter were measured out with. carefully calibrated pipettes into Kjeldahl flasks. Analyses were usually made in triplicate.
IV.

The Solubility of Casein in Systems Containing the Protein and Sodium
Hydroxide.
T h e experiments u p o n the effect of sodium hydroxide u p o n the solubility of casein have involved seven di'ff, erent casein preparations and h a v e extended over 3 years. I n t h e m the a m o u n t of casein has been varied from 0.5 to 2 gm. in 100 cc., and the a m o u n t of sodium h y d r o x i d e from 0.5 to 40 × 10 -5 tools, T h a t is to say, we h a v e ext e n d e d the series in one direction until the casein dissolved b y the small a m o u n t of base was of the same order as the a m o u n t t h a t is soluble near the isoelectric point, and in the other, until certain complicating p h e n o m e n a m a d e it impossible to obtain reproducible m e a s u r e m e n t s . 7 7 Yamakami (14) has shown that under certain circumstances salts appreciably increase the solubility of casein. The nature of the effect of salt in dissolving casein is being quantitatively investigated and will subsequently be reported. For the present all measurements of solubilty from the range in which casein behaves most like a globulin have been omitted.
The results that we have obtained are recorded in Table II . The solubility measurements were usually made in triplicate, 8 and the same amount of sodium hydroxide was often added to two or more casein preparations. It will be noted that when but small amounts of sodium hydroxide had been added to the casein, the differences between the different preparations were far greater than the experimental error. Thus Preparation V was consistently less soluble, and Preparation VI consistently more soluble than Preparations III or VII, until from 8 to 10 × 10 -5 mols of sodium hydroxide per gm. of casein had been added. Even under these circumstances, however, the results obtained with Preparations III and VII were in close agreement with each other and with the average of Preparations V and VI. We believe that the variations in the last two were due to the same sources of error that were encountered in the measurement of solubility of isoelectric proteins2 Chief among these is the difficulty of precipitating the casein in exactly the same physical state, and therefore of removing the last traces of its soluble compounds with equal ease. Consistent with this view is the fact that as the amount of casein dissolved by the sodium hydroxide increased, the variation between preparations became smaller than the experimental error. The solubility due to the casein had become negligible in comparison with the solubility of its sodium compounds.
In our experiments the alkali was usually added to three different amounts of casein in such a way that the ratio of protein to base remained constant. This ratio, as we and others have shown (21) (22) (23) , determines the hydrogen ion concentration, except for a small variation with concentration, due to depression of the dissociation of the protein compounds. In Table II , therefore, the ratio of sodium hydroxide to casein (mols NaOH added to 1 gin. of casein) is given in Column 1, and the approximate hydrogen ion concentration in Column 2, while Columns 4, 5, and 6 contain the solubility data when casein was present in 0.5, 1, and 2 per cent respectively. In this way isohydrionic comparison of the effect of dilution upon the solubility of the compound or compounds that casein forms with sodium hydroxide is facilitated. Such a comparison yields, as a first approximation, the result that the amount of casein carried into solution is proportional to the amount of sodium hydroxide added. Solubility, when once equi-]ibrium had been established, was nearly independent, over a considerable range, of the amount of casein precipitate. Whether the casein, the measurements of solubility fall on a straight line, indicating a remarkably constant combining capacity of casein for base.
The weight of casein in combination with each molecule of sodium hydroxide could be calculated from these data, provided all of the casein in solution was combined with base. This calculation has been attempted in Table III , which is arranged in the same manner as Table II . The amount of Sodium hydroxide that had been added to each gram of casein is given in Column 1, and in Columns 2, 3, and 4, the averages of the solubilities of the different preparations. These have been divided by the sodium hydroxide concentrations in the respective systems, and the quotients are recorded in Columns 5, 6, and 7. The quotients are approximately constant, only when appreciable amounts of casein were dissolved. In the systems containing the smaller amounts of sodium hydroxide, however, the solubility was always greater than could be accounted for merely on the basis of a constant combining capacity of casein for base. There the solubility of the casein itself was no longer negligible in comparison with the solubility of the sodium compound, and a correction for the solubility of the casein had therefore to be found and applied before the data PHYSICAL CHEMISTRY OF PROTEINS. 1I
could be used to calculate the combining weight of casein and sodium hydroxide.
The solubility of the casein molecule can be estimated most accurately in the systems containing the smallest amounts of sodium hydroxide. Only in them, as we have seen, was this component of the solubility larger than the experimental error. Accordingly, the average solubilities in the systems containing the six smallest amounts of sodium hydroxide have been collected and rearranged in Table IV . The concentrations of the sodium hydroxide, rather than the ratio of casein to sodium hydroxide, are given in Column 1, since homogeneous portant observation, that the amount of precipitate in such systems effects the solubility and the hydrogen ion concentration but slightly, must be considered additional evidence that true heterogeneous equilibria have been attained between the precipitated and dissolved casein.
Solubility of Casein in Systems Containing
The average data in Table IV of measurement, the points appear to fall on a straight line, in this range also. Accordingly, one must conclude that in this range each increment of base carried an equivalent amount of casein into solution. If no base had been added, however, it would appear that a certain amount of casein would nonetheless have been held in solution, an amount that was also dissolved in the systems containing sodium hydroxide, but was not combined with it. This amount is indicated by extending the straight line connecting the solubility determinations in systems containing small amounts of sodium hydroxide, n Where the abscissa has the value 0, the ordinate has the value 0.14 4-0.01 mg. of casein nitrogen in 10 cc., or 14 mg. of casein nitrogen in 1 liter at 25°C. The significance of this value appears from the following theoretical considerations.
V.
The Solubility Product Constant.
Experiments that we have previously reported show that casein has a measurable solubility, even when no sodium hydroxide has been added to it, of 0.178 -*-0.006 rag. of nitrogen in 10 cc., or 17.8 + 0.6 rag. of nitrogen in 1 liter at 25°C. (17) . This solubility (S) has been considered the sum of the concentrations of the protein molecule (HPOH) and of the protein ions (Hp+) and (POH-) into which it dissociates
Equation (1) is written in such form as to suggest that casein dissociates both as a monovalent acid and a monovalent base. In point of fact, as we shall subsequently show, casein combines with base as though it were at least a divalent acid, and with acid as though it were a tetravalent base, even in the neighborhood of its isoelectric point. The simplifying assumption, that in comparison with the concentration of ions formed by the stronger dissociation the ions formed by the 11 If the concentration of the casein cation had been appreciable in these systems, the lower points would not have fallen on a straight line, but rather on a curve, cutting the ordinate at higher values the greater the degree of dissociation of the protein. In such a case the solubility of the molecule could only be estimated by extrapolation. It is perhaps important to note that if the curves describing proteins passing through minima of solubility in the neighborhood of their isoelectric points were sufficiently accurate they could be analyzed in terms of these three components. A limiting case occurs, on the one hand, when the solubility of the protein is immeasurably small. In this case the "curve" becomes two diverging straight lines, originating at the isoelectric point. On the other hand, when the protein is largely dissociated and completely soluble the "curve" becomes a horio zontal straight line. Within the triangle enclosed by these three sides the solubility determinations of all proteins must fall. We propose in forthcoming communications to analyze in this manner the series of slightly soluble proteins that we have investigated.
weaker dissociation are negligible, is not adequate to explain our results. For although the concentration of ions formed by the first dissociation of casein as an acid must be much greateW than the concentration of ions formed by the second dissociation, our experiments indicate that casein passed into solution as a disodium compound.
Our criteria for this conclusion are twofold. In the first place, as we have already seen, the increase in the solubility of casein was proportional to the amount of sodium hydroxide added to it. If casein had dissolved first as a monovalent sodium compound, and only at lower hydrogen ion concentrations as a disodinm compound, this would not have been the case. The combining ratio would have been greater at first than subsequently. The solubility determinations in systems containing casein and sodium hydroxide would therefore not have fallen upon a single straight line.
In the second place, if casein had dissolved as a monosodium compound the change in the hydrogen ion concentration brought about by the addition to casein of sodium hydroxide would have been inversely proportional to the sodium hydroxide concentration. In that case the dissociation could be defined by the mass law equation 
Multiplication of these two equations yields the dissociation of casein as a divalent acid (H+) ~ (POH=) = Kal.Kav (H2POH) (4) In our experiments the hydrogen ion concentration has changed inversely as the square of even the very smallest amounts of sodium hydroxide that we have added to casein, is IS Great enough, indeed, to produce a hydrogen ion concentration in water of approximately 1.3 X 10 .-5 N.
18 The hydrogen ion concentrations in systems containing casein and sodium hydroxide will be critically considered in a forthcoming communication and the strength of the dissociation constants evaluated from them.
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We are for the moment interested in the dissociation of casein as an acid and its combination with base. The assumption may therefore be made that the weak basic dissociation of casein is negligible in systems containing sodium hydroxide. Under these circumstances equation (1) should assume the form
and if we define the solubility due to the formation of disodium caseinate in terms of the dissociation of casein as a divalent acid
and the solubility of the protein molecule (H2POH) as Su, equation (5) 
In this equation the solubility of a protein is expressed in terms of the solubility of its uncombined molecule, Su; the constants of its acid dissociations, Ka, and Kay; and the hydrogen ion concentration. Of these the only variables are the solubility of the casein and the hydrogen ion concentration. Both of these quantities have been determined in the systems containing casein and different amounts of sodium hydroxide (Table IV) . For any one system equation (6) may be written and for any other system
If the casein molecule has a constant solubility
equations (7) and (8) can be combined
and transposed into the form St-S~ Su.KavKa,--1 1 (10) In this equation, Su.Kal.Ka2 represents the solubility product. The solubility product should be constant if the assumptions that have been made in the derivation of the equation have been justified. These equations are very similar to those that were developed by Bruner and Zawadzki (24) in their studies of the conditions for the precipitation of the metal compounds of hydrogen sulfide in quantitative analysis. They are also very similar to those developed by Harkins and other investigators of the solubility relations between electrolytes. Their studies of quite different systems than those to which the solubility product has been here applied have been summarized by Lewis (25) and by Kraus (26) .
For the calculation of the soJubility product constant of casein, equation (10) and the values in Table IV Table V. The average of all the calculations of the solubility product yields the constant K = Su.Ka~.Ka~ =3.4 X 10 -~2 mg. nitrogen in 10 cc. at 25°C.
--340 X I0-~ rag. nitrogen in 1 liter at 25°C.
VI.
The Solubility of the Casein Molecule Calculated from the Solubility Product.
We have found that the product of the solubility of the casein molecule, Su, and its dissociation constants yields a constant. The solubility of the casein molecule in these systems must therefore also have been approximately constant. Substituting the value for the solubility product in equation (6) 1 and 2 
1" 3
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The solubility of the casein molecule, Su, has been calculated in this way, and is reported in Columns 7 and 8 of Table V . In Column 7 the solubility product calculated for that particular system was used to estimate the solubility of the molecule; in Column 8 the average solubility product constant was used. The solubility of the casein molecule cannot be estimated as exactly as the solubility product constant. There were, it is true, wide deviations in the individual determinations of the latter, especially when the solubilities in the two systems were nearly equal, and when the solubilities were high. But whereas these discrepancies were eliminated in that calculation, they are accentuated in estimating the solubility of the molecule.
Nonetheless the results of the calculation are in good agreement in the systems containing, the smaller amounts of dissolved casein. Their variation suggests that the solubility of the casein molecule might have decreased slightly with increase in total solubility. Their average is also in good agreement with the average of all the systems, however calculated, and indicates that the solubility of the casein molecule was approximately equal to 0.14 rag. of nitrogen in 10 cc.
VII,
The Solubility of the Casein Molecule Calculated from the Equivalent
Combining Capacity of Casein for Base.
The solubility of the casein molecule can also be calculated from the solubility in the different systems and their sodium hydroxide Concentrations, if the assumption be made that the concentration of the casein anion dissociating from the casein molecule was negligible in comparison with that dissociating from the sodium caseinate. The concentration of the compound of casein and sodium hydroxide can in that case be substituted for the casein anion (POH =) in equation (5) . The latter may be expressed as the product of the ratio in which the casein combines with base, Sna, and the sodium hydroxide concentration. For any one system this equation takes the form S1 ----Su + Snal (NaOH)I (12) and for any other system
Moreover, if the casein has a constant combining capacity for base Snal = Sna2 (14) Equations (12) and (13) can in that case be combined $1 -Su S.~ --Su (NaOH)I-(NaOH)2 (15) and transposed into a more convenient form for the evaluation of the solubility of the casein molecule Ss(NaOH)I -SI(NaOH)~ Su ---(NaOH)x --(NaOH)s (16) The solubility of the casein molecule has also been calculated in this way (Table VI) . The four smallest solubilities in Table IV , which are probably known most accurately, have been equated against each other and against the other values in Table IV . Whether we use the relation that obtains between the solubility of casein and the hydrogen ion concentration, or between solubility and the sodium hydroxide concentration, to estimate the solubility of the casein molecule, the results are very similar. The latter also suggest that the solubility of the casein molecule may not have been rigorously constant, but may have decreased slightly with increase in total solubility. The average solubility of the casein molecule calculated in this manner was 0.13 rag. of nitrogen in 10 cc. This is in good agreement with the results of the other calculation and with the value indicated by extrapolation of the straight line connecting the solubility data in Fig. 2. VIII.
The Equivalent Combining Capacity of Casein for Base.
Whereas the most accurate data to use in estimating the solubility of the casein molecule are clearly obtained from the systems containing the smallest amount of base, the most accurate data to use in estimating the equivalent combining capacity of casein for base are the systems containing larger amounts. In them, as we have seen, the correction to be applied for the casein molecule becomes smaller than the experimental error, as does the variation from preparation to preparation. No large error would be involved, therefore, if the straight line drawn through all the experimental points in Fig.  1 were used as the basis for the calculations.
Although so nearly negligible in tkis range, the correction becomes significant at lower sodium hydroxide concentrations. In Table III we divided the solubility determinations by the sodium hydroxide concentrations without making any correction for the solubility of the undissociated casein molecule, and the quotients were only constant in the systems that contained large amounts of sodium hydroxide. In the last section we concluded that the solubility of the casein molecule was approximately 0.13 mg. of nitrogen in 10 cc. We are therefore in a position to subtract this amount from the determined solubilities, and divide the remainder by the sodium hydroxide concentration on the assumption that it represents combined casein.
The results are confirmatory evidence of the magnitude of the concentration of the casein molecule. The equivalent combining ratio of casein for base becomes very much more constant when this correction is applied, especially in the systems where the concentra-544~ PHYSICAL CHEMISTRY OP PROTEINS. II tion of the casein molecules was of the same order as the concentration of the casein compounds. However, it should be noted that an even more constant combining ratio is obtained if a slightly smaller solubility is assumed for the casein molecule. The correction appears to be larger than would be necessary to yield a constant combining ratio. Whether or not this indicates that one or another of the simplifying assumptions that have been made in its calculation requires revision must await further experimentation. Most probably the solubility of the casein molecule decreases with increase in total solubility, and a variable correction should therefore be applied. The most probable equivalent combining ratio of casein for base is the average of the determinations when 10, 15, and 20 × 10 -5 tools of sodium hydroxide were added to each gram of casein. These give 3.38 rag. of casein nitrogen to 1 × 10 -5 tools of sodium hydroxide if no correction is applied. If 0.13 rag. of nitrogen in 10 cc. is allowed for the solubility of the casein molecule, 3.27 rag. of nitrogen combined with 1 X 10 -5 tools of base. If each gram of casein contains 0.156 rag. of nitrogen (27) , each tool of sodium hydroxide combined with less than 2,166 gin. and probably with 2,096 gm. of casein. In round numbers, 2,100 may therefore be taken as the combining weight. This is in close accord with the result of Yamakami (14) determined in a somewhat similar manner. It is, however, approximately half the value determined by Robertson (6) and by Van Slyke and Bosworth (10). These investigators, however, determined the minimal base-binding capacity of casein in quite another way. They added hydrochloric acid to a solution of sodium caseinate until precipitation took place, and concluded that at the highest acid concentration that they could reach before casein precipitated the "base was saturated with protein." Yamakami has criticized this procedure and pointed out the globulin-like effect of the salt that accumulates in increasing the solubility of casein. Van Slyke and Bosworth attempted to dialyze during the precipitation, and believed that a monosodium compound of casein was stable under these conditions. The fact that the base bound under these circumstances was just half that bound in these experiments would seen/ to favor their contention. The equilibria involved in titrating casein with sodium hydroxide are, moreover, quite different from those involved in titrating sodium caseinate with hydrochloric acid; these will be considered at another time.
Besides these investigators a host of earlier workers have titrated casein to a hydrogen ion concentration neutral to litmus or to phenolphtha]ein. Reference may be made to Raudnitz (28) for a summary of their results. Their chief interest would lie in the very slight variation in the many casein preparations made from many different kinds of milk, were it not that it so happens that sodium hydroxide just carries casein into solution at a reaction neutral to litmus; and that again as much sodium hydroxide is required to bring the reaction to phenolphthalein. Because of this coincidence, and because of the nature of the equilibria that obtain between sodium hydroxide and the polyvalent casein molecule, the results of these titrations have approximated either simple multiples or denominators of the equivalent combining capacity of casein for base.
IX.
The Minimal Molecular Weight of Casein.
Laqueur and Sackur (2), Long (7), Robertson (6) , Van Slyke and Bosworth (10) , and Yamakami ~* (14) have all attempted to evaluate the minimal molecular weight of casein. For the most part, their calculations have depended upon the phosphorus and the sulfur content. Hammarsten (29) early determined the proportion of both of these elements in casein, and this value for sulfur has never been appreciably changed. Laqueur and Sackur found a lower content of phosphorus, and Bosworth and Van Slyke (30) a still lower one in a casein preparation that they believed had been adequately purified of calcium phosphate. The results of these elementary analyses are tabulated below (Table viii) , and from them has been calculated the smallest molecular weight that can be ascribed to casein in order that it may contain 1 gram atom each of phosphorus and sulfur. The phosphorus and sulfur content of casein leads to a minimal molecular weight of approximately 4,300. This is twice the equivalent combining weight for sodium hydroxide that we have found. Even in the neighborhood of its isoelectric point casein must therefore behave as a divalent acid. Laqueur and Sackur (2), Long (7), and Robertson (6) suspected that a still greater number of acid groups were involved at a reaction neutral to litmus or to phenolphthalein from conductivity data.
14 Yamakami also attempted to determine the molecular weight of casein by Barger's method. He believed the molecular weight to be about 4,000 and the equivalent weight about 2,000.
The proportions of amino-acids that casein yields upon hydrolysis indicate that its molecular weight must be far greater than 4,300. Osborne and Guest (27) made a critical study of the available data relating to the amino-acids found in casein in 1911. Since then t It is significant to note that the number of ammonia molecules falls far short of the alumber necessary to form amides of the disbasic acids. Dr. Dakin suggests that it is therefore a fair inference that a large proportion of the glutamic and/3-hydroxyglutamic acids exists as cyclic anhydrides in the casein molecule. See also Vickery (35) . D. D. Van Slyke has redetermined the hexone bases (31); Dakin (32) , and Foreman (33) have increased the yields of several of the acids by improved methods of hydrolysis and separation; and Folin and Looney (34) have determined cysfine, tyrosine, and tryptophane by new colorimetric methods. The results of these different investigations are collected in the appended table (Table IX) .
The tryptophane content of casein is now probably extremely well known. If it is present to the extent of 1.7 per cent (Dakin) , 1~ the molecular weight of casein must be at least 12,000, according to the following method of calculation Weight of amino-acid found Weight of casein taken Molecular weight of amino-acid ~ Molecular weight of casein If casein contains only 1.5 per cent of tryptophane, however, the molecular weight must be 13,600. Three times the minimal molecular weight calculated from the phosphorus and sulfur, respectively , leads to a molecular weight of 13,320 and 12,630. Six times the equivalent combining weight of casein for base leads to the value 12,600. Each of these calculations involves an independent set of determinations. Their average may therefore be taken as the tentative minimal molecular weight of casein. It is true that casein may have a still higher molecular weight. Serine, oxyproline, and cystine have all been isolated from, or determined in, the protein molecule in such small amounts that a much larger molecular weight would have to be assumed in order 15 Ftirth and Nobel (36) , and more recently Komm and Boehringer (37) , believe that casein contains a still higher percentage of tryptophane. The excellent agreement between the different determinations here recorded, and also those of Hopkins and Cole (38) , Thomas (39) , and May and Rose (40) , demands that the lower values be retained until further evidence is presented.
that casein might contain 1 molecule of each of them. The value of cystine depends not upon isolation, but upon the new colorimetric determination of Folin and Looney (34) . If it is correct, the molecular weight of casein cannot be less than 96,000. The early study of T. B. Osborne (41) of the distribution between the different kinds of sulfur in the casein molecule also suggested a somewhat higher molecular weight. For the present, however, it seems preferable to await further investigations before raising the molecular weight of casein to more than six times the equivalent weight.
The number of molecules of the other amino-acids that would exist in casein if its molecular weight were 12,800 is calculated in the last columns of Table IX . The number of cases where the product of the weight of casein that could contain 1 molecule of the amino-acid, by an assumed small number of molecules, leads to a weight near this, must be considered as additional evidence in favor of this value, or some multiple of it.
X.
The Dissociation o/Casein.
The casein that we have used was prepared by causing it to flock at that hydrogen ion concentration which has generally been considered the isoelectric point of casein. Michaelis and Pechstein (42) give this hydrogen ion concentration as 2.4 × 10 -~ N, and our own experience confirms their judgment that this reaction is the most favorable one for the precipitation of casein.
In the first of these studies we pointed out that the hydrogen ion concentration produced in water by the dissociation of a pure protein was often somewhat lower than that produced by the dissociation of its compounds2 ~ Our measurements indicate that the hydrogen ion concentration of pure casein lies near 1.3 × 10 -~ N. This difference in the hydrogen ion concentration of freshly precipitated and of purified casein might be explained in one of three ways. One might assume that the soluble compounds, the neutral salt, and the slight excess of acid, that were present when casein was precipitated, had depressed the unequal dissociation of this protein as an acid and as a 1~ Cohn (17), p. 705.
base, and that their removal therefore brought about the slight decrease in hydrogen ion concentration. Or one might assume that the point of flocculation represented the true isoelectric point, and that the change in reaction was brought about by the combination of casein as an acid with water. Finally, one might contend that a pure prbtein need not exist at its isoelectric point. This must be admitted if certain definitions of the isoelectric point are accepted. 1~ It is for this reason that we have characterized our proteins when they were uncombined with acids and bases, when they dissolved in water to a constant and characteristic extent, and, as we have seen, produced a hydrogen ion concentration in water as a result of their dissociation.
If the solubility product constant, which we have evaluated from the solubility of casein in systems containing small amounts of sodium hydroxide, be divided by the square of the hydrogen ion concentration produced in water by uncombined casein, the quotient should represent that part of the solubility of the pure protein in water that was due to the divalent casein anion. This quantity was related to the observed solubility and to the solubility of the casein molecule in equation (6) .
Su. Kay. Ka~ S = Su + (6) (H+)2 17 Michaelis has characterized the isoelectric point of an ampholyte as the point (a) at which its dissociation is at a minimum, (b) its anion concentration is equal to its cation concentration, and (c) on one side of which it dissociates as an acid, on the other as a base. TM The last definition is clearly applicable to the isoelectric point of casein. It is upon the first two, however, that the equations for dissociation near the isoelectric point depend. These have been applied to the proteins, often without reference to the simplifying assumptions employed in their deduction. The first two definitions are intimately related to each other. Michaelis showed that the dissociation of a simple ampholyte was at a minimum when the anion concentration was equal to the cation concentration. This important relation holds rigorously in the case of substances whose equivalent combining weight is identical for acids and for bases. The equivalent combining weight of casein for base is, however, greater than its combining weight for acid. As a result the minimum degree of dissociation probably occurs in systems containing a very small amount of acid.
18 Michaelis (18) , p. 39.
The second term, Su, represented the solubility of the casein molecule. Three different methods have yielded values for this portion of the solubility of casein that were in good agreement, and varied only from Su = 13 to 15 rng. N in 1 liter at 25°C.
The solubility (S) of uncombined casein in water has been very accurately determined and has previously been reported (17) . The result of many analyses yielded the result S = 17.8 -*-0.6 nag. N in 1 liter at 25°C.
In deducing an equation that would characterize and define the solubility of casein in systems containing base, we considered the solubility due to the basic dissociation of casein negligible. The results that we have obtained have justified this simplifying assumption. The assumption can, however, not be expected to hold in the case that we are now considering; namely, the solubility of casein in water. The solubility due to soluble casein cations is therefore indicated by the difference between the observed solubility of casein in water and the sum of the calculated solubilities of the casein molecule and the divalent casein anion. This quantity cannot, it is true, be very exactly estimated from these data. If the highest value for the total solubility and for the solubility of the casein molecule is considered i.t becomes while consideration of the lower value for S and for Su leads to the conclusion that as much of the solubility of casein in water is due to basic as to acid ions Su. Kal. Ka, S --Su (H+) 2 17.2 --13 --2 = 2.2 mg. N in 1 liter at 25°C.
The present data are not sufficiently accurate to allow us to formulate any conclusion other than that both of these soluble ions exist, and are present almost to the same extent. Finally, we can estimate the strength of the dissociation of casein as an acid in terms of the product of the dissociation constants Ka~ and Ka2. This product results, if we substitute our value for the solubility of the casein molecule, in the solubility product constant. The higher and lower values for the solubilty of the casein molecule indicate that the product of these constants must lie between 24 and 26 X 10 -*~ N. Even if these constants were only of the same strength--and the one is sufficiently great to enable casein to produce a hydrogen ion concentration in water of 1.3 X 10 -5 N--our results indicate that casein is a relatively strong acid. Strong enough, as early investigators showed, to have "the power of expelling carbonic anhydride from soluble carbonates and bicarbonates. ''8 XI, SUMM&R¥.
1. The solubility in water of purified, uncombined casein has previously been reported to be 0.11 grn. in 1 liter at 25°C. This solubility represents the sum of the concentrations of the casein molecule and of the soluble ions into which it dissociates.
2. The solubility of casein has now been studied in systems containing the protein and varying amounts of sodium hydroxide. It was found that casein forms a well defined soluble disodium compound, and that solubility was completely determined by (a) the solubility of the casein molecule, and (b) the concentration of the disodium casein compound.
3. In our experiments each mol of sodium hydroxide combined with approximately 2,100 gin. of casein.
4. The equivalent combining weight of casein for this base is just half the minimal molecular weight as calculated from the sulfur and phosphorus content, and one-sixth the minimal molecular weight calculated from the tryptophane content of casein.
5. From the study of systems containing the protein and very small amounts of sodium hydroxide it was possible to determine the solubility of the casein molecule, and also the degree to which it dissociated as a divalent acid and combined with base.
6. Solubility in such systems increased in direct proportion to the amount of sodium hydroxide they contained.
7. The concentration of the soluble casein compound varied inversely as the square of the hydrogen ion concentration, directly as the solubility of the casein molecule, Su, and as the constants Kal and Ka2 defining its acid dissociation.
8. The product of the solubility of the casein molecule and its acid dissociation constants yields the solubility product constant, Su'Kal" Ka2 = 2.2 X 10 -~2 gin. casein per liter at 25°C.
9. The solubility of the casein molecule has been estimated from this constant, and also from the relation between the solubility of the casein and the sodium hydroxide concentration, to be approximately 0.09 gm. per liter at 25°C.
10. The product of the acid dissociation constants, Kal and Kay, must therefore be 24 X 10-'~N.
11. It is believed that these constants completely characterize the solubility of casein in systems containing the protein and small amounts of sodium hydroxide.
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